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Abstract
In this study, thermodynamic integration and molecular dynamics methods were used to
elucidate the factors affecting stabilities of collagen-like peptides. We proposed to
investigate three specific aspects: (1) the stabilizing effect of hydroxyproline (Hyp), (2)
the destabilizing effect of replacing Gly, and (3) the role of water mediated hydrogen
bonds. A better understanding of the origins of the stabilities of collagens will help in the
design of new biomaterials and the treatment of collagen-related diseases.
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Chapter 1: Introduction
1.1 Overview
Collagens are the most abundant proteins in mammals; about 25% of human proteins
and three-fourth of the weight of human skin are made by collagens. The term collagen
derives from the Greek word for glue, and now collagens are used to describe the triple
helical proteins that assemble into fibrous supramolecular aggregates. Biologically,
collagens play important roles in constituting the structural framework for connective
tissue, such as bone, tendon, cartilage, skin, and cornea in the extracellular matrix. One
role of collagen fibrils is to help maintain tissue integrity and mechanical properties. The
fibrils form the basis for the strength of tendons, the compressibility of cartilage, and the
flexibility of blood vessels and skin. The other critical role of collagen molecules is to
construct the framework and permeability barrier of basement membranes, which link
fibrils to other matrix components, and to anchor the dermis to its associated basement
membrane. This type of collagen does not form fibrils. In addition to the structural roles,
collagens also interact with cell receptors and medicate cell adhesion, cell migration, and
communication between cells. From commercial and biomedical perspectives, collagen
also has notable significance. For example, the importance of collagen relates to leather
and gelatin production, and collagen-based biomaterials. Besides, collagen has been
found to play a noteworthy part in development, wound healing, platelet activation, and
angiogenesis.
Collagen molecule consists of three polypeptide chains; each contains about 1,000
amino acids and forms an extended left-handed helix as shown in Figure 1-1. These three
helices are staggered by one residue and supercoiled along a central axis in a right-
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handed maimer as shown in Figure 1-1 and Figure 1-2. The sequence of collagens
consists of a repeating Gly-X-Y triplet motif. The constraint of having Gly in the first
position ensures the close packing of the chains near the central axis. X and Y positions
are usually occupied by proline (Pro), whereas Y-position prolines often undergo post-
translational modifications to form hydroxyprolines (Hyp) to enhance the stability of
collagens.
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The destabilization of collagens, either from inability to perform the post-translational
hydroxylation of prolines, or from genetic mutations, can results in diseases[l] such as
scurvy, osteogenesis imperfecta (OI), Ehlers-Danlos syndrome, familial aortic
aneurysms, and Alport's syndrome. For instance, scurvy is caused by vitamin C
deficiency, which decreases the production of Hyp because prolyl hydroxylase requires
vitamin C to function properly. In the absence of post-translation hydroxylations in Y-
position prolines, the resulting collagens are not stable enough and cannot form fibers
properly. This further causes skin lesion, fragile blood vessels, and even death.
Osteogensis imperfecta (OI), also called brittle bone disease, is characterized by a
general decrease in bone mass resulting in multiple fractures. OI is an inherited disease
and caused by mutations in the gene COL1A] and COL1A2 coding for the two chains
al(I) and ix2(I) of type I collagen[2], respectively. Although the mutations can be
deletions, insertions, or RNA splicing mutations, the majority of OI cases are caused by
single base substitutions resulting in a replacement of Gly with another bulkier amino
acids. Prockop et al.[2] summarized more than 70 mutations and their implications on
phenotypes of the disease. They found that the most severe phenotypes of the disease can
be explained largely by production of structurally defective a chains that either interfere
with the folding of the triple helix or with self-assembly of collagen into fibrils. Brodsky
et al.[3] used host-guest triple-helical peptides to model the stability of collagen upon
substitutions of Gly. They found that the order of disruption of different replacements in
these peptides in Gly positions shows a significant correlation with the severity of natural
OI mutations in the al chain of type I collagen. Because of the commercial and
biomedical importance of collagen, the knowledge of sequence-stability relationship of
6
collagens is crucial to the design of new biomaterials and the treatment of collagen-
related diseases. Although several experimental studies have been performed to clarify
the origins of stability in collagen, they still cannot reach the consensus on the role of
hydrated water molecules around collagen, which is a distinct feature of this fibrous
protein from other globular proteins. This study will be focused on elucidating the
factors, such as water, that stabilize or destabilize collagen-like peptides by using
computational methods.
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1.2 Goal and Objectives
Three specific aims will be addressed in this study:
The stabilizing effect of Hyp
As mentioned above, in scurvy, the failure to hydroxylate prolines destabilizes
collagens and results in the symptoms such as skin lesion and fragile blood vessels.
In addition, scientists also observed a clear correlation between the content of
hydroxyprolines in the collagen sequence and the upper limit of the environmental
temperature in which a particular organism lives. A lot of experimental evidences[4]
showed that the hydroxylation of prolines in the Y positions significantly contribute
to the stability of collagens. On the other hand, the collagen-like polypeptides with
the repetitive sequence Gly-Hyp-Pro, where the hydroxylations occur in the X
position, do not associate into triple helix. Therefore, Hyp can either stabilize or
destabilize collagens, depending on the sequence position.
Recently, two alternative models have been proposed to explain the stabilizing
effect produced by Hyp in the Y position. Based on the x-ray structure of a collagen-
like peptide, Brodsky et al.[5] suggested that the stabilizing effect of Hyp can be
rationalized through the water-mediated hydrogen bonds between the hydroxyl group
of Hyp in Y and the carbonyl group of an adjacent chain. Later on, Raines et al.[6]
discovered that the substitution of Hyp with fluoro-proline in collagen-like peptides
could increase their thermal stability, regardless of the low propensity for fluorine to
form hydrogen bonds with neighboring water molecules. Therefore, they proposed
an alternative explanation based on the inductive effects, generated by the electron-
withdrawing substituent such as hydroxyl group and fluorine atom. These inductive
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effects enhance collagen stability by favoring the required trans conformation of the
hydroxyprolyl peptide bond. Nevertheless, both models fail to account the
destabilizing effect of Hyp in the X position.
In order to elucidate the sequence dependence of Hyp stabilizing effect, we plan
to compute the difference of denaturation free energies among three collagen-like
peptides: [(Gly-Pro-Pro)lo]3, [(Gly-Hyp-Pro)lo]3, and [(Gly-Pro-Hyp)1o]3,
AAGdenaturation can be calculated by using thermodynamic integration method
described above. [(Gly-Pro-Hyp)lo]3 will be chosed as the wild type collagen, and the
alchemical step will convert it either to [(Gly-Pro-Pro)lo] 3 or to [(Gly-Hyp-Pro)lo]3.
Based on the alchemical transformations of both single chain and triple helix
molecules, we can get Gdenaturation. In addition, the rich information in the
molecular dynamics trajectory can provide us more clues on the role of hydrated
water molecules around collagens.
2. The destabilizing effect of replacing Gly
Substitution mutations in Gly positions destabilize collagens, since Gly is the only
residue that can fit into the space near the central axis. Replacement by any other
residue will deform the superhelix. Brodsky et al.[3] utilized the host-guest triple-
helical peptides to isolate the influence of the residue replacing Gly on triple-helix
stability. The sequence of the model peptide is acetyl-(Gly-Pro-Hyp) 3-Zaa-Pro-Hyp-
(Gly-Pro-Hyp) 4-Gly-Gly-amide, with Zaa=Gly, Ala, Arg, Asp, Glu, Cys, Ser, or Val.
They found that the melting temperature (Tm) drops dramatically with substitution
Zaa=Gly. Furthermore, the rank of destabilization of different substitutions for Gly in
these homotrimeric peptides correlates well with the phenotypes of OI mutations in
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the al chain of type I collagen: the less stable the substituted peptide is, the more
severe the disease will be. However, for peptides with Zaa=Arg, Val, Glu, and Asp,
the melting temperatures are below 0°C, which makes the measurement of stabilities
in aqueous solution impossible. Hence, trimethylamine N-oxide (TMAO) was added
into the solution to enhance the formation of triple helix. Different concentrations of
TMAO were used as the cosolvent in Tm measurements, and the melting temperatures
in aqueous solution were yielded by extrapolation Tm to OM TMAO.
Here we intend to perform free energy calculations on the model collagen-like
peptides, since TMAO can affect the folding of collagens and the extrapolation of
melting temperature may contain unknown errors. These calculations in aqueous
solution should give us a more realistic and quantitative rank of the destabilizing
effect of replacing Gly by different residues.
3. The role of water mediated hydrogen bonds in the stability of collagens
Since the first x-ray structure of collagen-like peptide solved in 1994[5], the role
of hydration in collagen stability has been debated. Brodsky et al.[5] observed that a
cylinder of hydration surrounds the collagen molecule, with an extensive hydrogen-
bonding network between water molecules and collagen. Therefore, they proposed
that hydroxyproline residues play a critical role in mediating the network to stabilize
the collagen. On the other hand, Raines et al. [6] argued that water bridges are
unlikely to contribute significantly to collagen stability because of the entropic cost of
building the network - more than 500 water molecules would be immobilized per
triple helix.
10
In this study, we will develop a method to classify the water molecules into two
groups: one contains the hydration water molecules around collagen (also called
sticky water molecules), and the other one includes the bulk water molecules. Once
the sticky water molecules are found, the next task is to estimate the entropic cost and
enthalpy benefit of forming the network by these sticky water molecules. The
decomposition of free energy into entropy and enthalpy terms will help to clarify the
role of water-mediated hydrogen bonds in the stability of collagens.
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Chapter 2: Computational Methods
2.1 Force Field and the Generation of CHARMM-compatible
Force Field for Hydroxyproline (HYP)
The problems addressed here are unfortunately too large to be considered by quantum
mechanical methods, which deal with the electrons explicitly in a system. Force field
methods ignore the electronic motions and compute the energy of a system as a function
of the nuclear positions only. Therefore, force field method is invariable employed in the
molecular modeling on systems containing significant numbers of atoms such as proteins.
Many of the force fields used today can be interpreted in terms of a relatively simple
four-component picture of the intra- and inter-molecular forces within the system. The
four components of the force field include energetic penalties from the deviation of bonds
and angles away from their 'reference' or 'equilibrium' values, the function describing
how the energy changes as bonds are rotated, and finally the terms that describe the
interaction between non-bonded parts of the system. The non-bonded term is calculated
between all pairs of atoms that are in different molecules, or those are in the same
molecule but separated by at least three bonds. Usually this term can simply be modeled
using a Coulomb potential term for electrostatic interaction, and a Lennard-Jones
potential for van der Waals interactions. The force field has the mathematical form
itotal = Kb(b-bo) 2 + Ko(O )2 + ZKX[l + cos(n - )]
bonds angles dihedrals
nonbonde mind j1 Rinj 1inon-bonded Lj) (rj X l]"
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where Kb, K, Kx are the bond, angle, and dihedral angle force constants, respectively; b,
0, and X are the bond length, bond angle, and dihedral angle, respectively, with the
subscript zero representing the equilibrium values for the individual terms. Coulomb and
Lennard-Jones 6-12 terms contribute to the non-bonded interactions; is the Lennard-
Jones well depth and Rmin is the distance at the Lennard-Jones minimum. qi is the partial
atomic charge, el is the effective dielectric constant, and rij is the distance between atom i
andj.
All-hydrogen CHARMM 22[7] force field and TIP3P[8] water model were employed
in the molecular dynamics (MD) and free energy calculations here. In contrast to the first
generation force field (e.g. CHARMM 19), which uses extended atoms for carbons (e.g.,
a CH3 group is treated as a single atom), CHARMM 22 includes all atoms explicitly.
Furthermore, the parameterization is relied on a much broader range of ab initio and
experimental data. The parameters in CHARMM 22 were optimized for the protein main
chain and for the individual side chains via comprehensive analyses of one or more small
model compounds for each case. Experimental gas-phase geometries, vibrational spectra,
and torsional energy surfaces from ab initio results were used in the optimization of the
intra-molecular parameters. The inter-molecular parameters in the non-bonded term,
particularly the partial atomic charges, were determined by fitting ab initio interaction
energies and geometries of complexes between water and model compounds that
represented the backbone and the various side chains. The philosophy behind the
parameter development in CHARMM 22 is to achieve a balance between the intra-
(bonding) and inter-molecular (non-bonded) terms of the force field, and among the
solvent-solvent, solvent-solute, and solute-solute interactions. This is essential for
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accurate condensed-phase simulations from which both structural and thermodynamic
information can be obtained.
TIP3P water model uses three sites for the electrostatic interactions and rigid water
geometry. The partial positive charges on the hydrogen atoms are exactly balanced by an
appropriate negative charge located on the oxygen atom. The van der Waals interaction
between two water molecules is calculated using a Lennard-Jones function with simply a
single site per molecule centered on the oxygen atom. No van der Waals interactions
involving the hydrogen atoms are computed. TIP3P water model adequately reproduces
the first-shell hydration and the energetics of liquid water, although the tetrahedrality is
too weak and the diffusion constant is somewhat too high. Moreover, since TIP3P water
model was utilized in the parameterization process of the non-bonded terms in
CHARMM 22 force field, the use of CHARMM 22 parameter set with other water model
may lead to inconsistencies of the balance between water-protein and protein-protein
interactions.
Because hydroxylproline (Hyp) is not a standard amino acid, its force field is not
included in the molecular modeling package like CHARMM. Therefore, we need to
generate a proper force field, which is compatible to CHARMM 22, before performing
the simulations. The functional form of CHARMM 22 force field includes four different
contributions, which are bond stretching, angle bending, bond rotation and non-bonded
interactions,, as shown above. Since Hyp differs from proline (Pro) only by one hydroxyl
(OH) group, most parameters can be transferred from Pro force field except partial
atomic charges.
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To obtain the partial atomic charges, the interaction between water and the OH group
of Hyp model compound were examined by ab initio methods. The supermolecule
structure of one water and Hyp model compound was optimized at the HF/6-31 G* level
of theory to find the local minimum for the water position with fixed monomer
geometries. Based on the resulting structure, the interaction energy was computed as the
difference between the total supermolecule energy and the sum of the individual
monomer energies; no BSSE (basis-set superposition error) corrections were considered.
Because the neglect of many-body polarization in HF/6-3 1 G* level of theory leads to the
underestimation of the interaction energy in the condensed phase, a factor of 1.16 was
introduced to scale up ab initio interaction energy to make it be consistent with the TIP3P
dimer model, so as to obtain a balance between the solute-water and water-water
intermolecular interactions. Adjusting the partial atomic charges on Hyp to reproduce the
scaled interaction energy between Hyp model compound and one TIP3P water model
generated the CHARMM-compatible force field.
After the completion of ab initio calculation, the electron density of Hyp was used to
generate the initial set of the partial atomic charges, which can reproduce the electrostatic
potential around Hyp. Subsequently, we manually fine-tuned the charges to reproduce
the interaction energy between Hyp and one water molecule from ab initio calculations.
The resulting interaction energy from our force field is -7.45 kcal/mol, which is 2% less
than the target value of-7.63 kcal/mol. The resulting partial atomic charges are shown in
Table 2-1.
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Table 2-1: The partial atomic charges of Hydroxyproline
RESI HYP
GROUP
ATOM N
ATOM CD
ATOM HD1
ATOM HD2
ATOM CA
ATOM HA
GROUP
ATOM CB
ATOM HB1
ATOM -IB2
GROUP
ATOM CG
ATOM HG
ATOM OE
ATOM HE
GROUP
ATOM C:
ATOM )
0.00
N
CP3
HA
HA
CP1
HB
CP2
HA
HA
CP2
HA
OH1
H
C
0
-0.29
0.00
0.09
0.09
0.02
0.09
-0.18
0.09
0.09
I I HD1 HD2
N---CD HG
' I \ /
' I CG
! I / \
! HA-CA--CB OE-HE
! I / \
I HB1 HB2
0=C
' I
0.18
0.02
-0. 60
0.40
0.51
-0.51
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2.2 Molecular Dynamics Simulations on Collagen-like peptides
Molecular dynamics (MD) simulations were used in this study to investigate the
structural and thermodynamic properties of collagen-like peptides in aqueous solutions.
This method (MD) calculates the 'real' dynamics of the system, from which time
averages of' properties can be calculated. The position of each atom is derived in
sequence by applying Newton's equations of motion (F=ma):
d2 xi Fx
dt 2 mi
This equation describes the motion of a particle of mass mi along one coordinate (xi) with
Fx, being the force acting on the particle in that direction. MD is a deterministic method,
which means that the state of the system at any future time can be predicted from its
current state. At each step, the forces acting on the atoms are computed by the use of the
force field described in the previous section. Afterward, the forces are combined with the
current atomic positions and velocities to generate new positions and velocities for the
next step forward. The calculated forces are assumed to be constant during the time
interval if the chosen time step is appropriately small. Subsequently, the atoms are
moved to the new positions, an updated set of forces is computed, and so on. In this
approach, a MD simulation produces a trajectory that describes how the dynamic
variables change with time. Thermodynamic averages can be acquired from MD
simulations as time averages by the following equation:
M , N)
(A> =iA, PN
M i=1 
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where rNand pN represent the N positions and momenta respectively at time step i; A is the
instantaneous value of the thermodynamics property, and M is the total number of time
steps.
The starting point for the simulation of wild type [(POG) 10]3 and mutant [(PPG)10]3
collagen-like peptides were taken from the X-ray structures (PDB entries 1 cgd and 1 k6f),
to which hydrogen atoms were added by employing the hbuild function in CHARMM.
The resulting structures were energy minimized with strong harmonic restraints (k = 10
kcal/mol) on all non-hydrogen atoms to remove bad contacts. After that, each structure
was immersed at the center of a previously equilibrated rectangular box of TIP3P water
molecules. Water molecules whose oxygen atoms were within 2.6 A of any protein atom
were deleted. The resulting systems were energy minimized, initially by restraining the
backbone atoms, and later by releasing restrains on them. All the atomic positions were
then propagated according to Newton's equations of motions using the leapfrog Verlet
integrator with a time step of 2 fs. During the simulations, all the hydrogen atoms were
constrained using the SHAKE algorithm. The non-bonded interactions were truncated at
14 A using a force-switching function in the region from 10 to 12 A. The solvated
systems were equilibrated for 100 ps followed by 2500 ps of production dynamics. The
lcgd has the sequence [(POG)4(POA)(POG)5] 3. In order to perform calculations on
[(POG)10]3, we built a model from lcgd by removing the alanine side chains and
equilibrating the system for additional 500 ps of molecular dynamics.
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2.3 Free Energy Calculations
The stabilities of collagen-like peptides can be defined by the free energies of
denaturation (AGdenaturation) from the folded triple helix to three unfolded polypeptides.
Therefore, ZAGdenaturation can define the relative stabilities between collagen-like peptides.
The change of stabilities upon mutations can be computed by the following
thermodynamic cycle[9]:
Collaaen Triple Helix (Wild TvDe) AG, Collacen TriDle Helix (mutant)
AGdenaturation, WT AGdenaturation, mutant
3 *AG2
3 x Sinale Chain molecule (Wild TvDe) * 3 x Sinale Chain molecule (mutant)
Because the free energy is a state function, its value round a thermodynamic cycle
must be zero. Thus,
AG1 + AGdenaturationmutant = AGdenaturation,WT + 3 * AG2
AAGdenaturation AGdenaturation,mutant - AGdenaturation,WT = 3 * AG2 - AG
AG1 and AG2 are the alchemical steps to transform the wild type peptide to the
desired mutated peptide. They do not correspond to any transformation that can be
performed in the laboratory, but they are quite feasible in the computer by employing the
standard thermodynamic integration method. In this method, we first describe the
Hamiltonian H(A) as follows:
H(2) = 2HR + (1 - )H 4
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where A can vary from 0 (H=HA, the wild-type state) to 1 (H=HB, the mutant state). Then
we can use the following equation to compute the free energy difference between two
states:
AG = 0KH( d2
where H is the Hamiltonian and the angle brackets are used to represent the ensemble
average of states.
The free: energy simulations were carried out using the same protocol as described
above. The integration protocol employed 5 window points at A = 0.1, 0.3, 0.5, 0.7, and
0.9. The free energies at the endpoints (=0, and 2=1) were obtained using a free energy
perturbation approach employing a doublewide sampling scheme to avoid divergence at
the endpoints. At each window point, the system was equilibrated for 50 ps followed by
1500 ps of production dynamics. Perturbation energies were collected every 4 fs for
computing the relative free energies.
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Chapter 3: Results and Discussions
3.1 Molecular dynamics simulations on collagen-like peptides
Molecular dynamics simulations were carried out on two collagen-like peptides: one
has the sequence of [(Gly-Pro-Pro)10]3 and the other one has the sequence [(Gly-Pro-
Hyp)10]3. The simulations were performed at latm and 300K in rectangular water boxes
with at least 5 solvation shells from any atom of collagen-like peptides to the box
boundary. The box that satisfies this criterion contains about 7200 water molecules. For
both collagen-like peptides, we collected 2500 ps of trajectories. These data are used in
the subsequent analysis of the role of neighboring water molecules in stabilizing
collagens.
The Root-Mean Square Deviation (RMSD) of the C carbons from the x-ray
structures [(Gly-Pro-Pro)101]3 and [(Gly-Pro-Hyp)10]3 is shown in Figure 3-1. The black
curve represents the RMSD of [(Gly-Pro-Pro)10]3, and the red one represents the RMSD
of [(Gly-Pro-Hyp) 10]3. Both RMSDs have the similar average value at 1.5A. However,
the RMSD fluctuation range of [(Gly-Pro-Pro)l0]3 is slightly larger than that of [(Gly-Pro-
Hyp) 10] 3. This indicates that [(Gly-Pro-Hyp)10]3 packs better than [(Gly-Pro-Pro) 10]3 ,and
this better packing may contribute from the nearby hydrogen-bonded water molecules
around [(Gly-Pro-Hyp)10]3.
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Figure 3-1
Figure 3-2 shows the radial distribution functions (g(r)) of water oxygen to the
nearest collagen-like peptide's atom. The black curve represents the g(r) of water oxygen
to [(Gly-Pro-Pro)10o]3, and the red one to [(Gly-Pro-Hyp)10o]3. The radial distribution
function, g(r), gives the probability of finding an oxygen atom a distance r from the
nearest collagen-like peptide's atom compared to the pure aqueous solution. From Figure
3-2, the structures of water molecules around the two collagen-like peptides are quite
similar. Only a minor difference can be found in the small red peak at r=.8A on the red
curve. This indicates that there is a slightly higher possibility to found water molecules
in that region on [(Gly-Pro-Hyp)10o]3, compared to [(Gly-Pro-Pro)10o]3.
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3.2 Hydrogen bond analysis and water residence time
Collagen molecule consists three polypeptide chains, which intertwine to form a triple
helix. The three polypeptide chains can form inter-chain hydrogen bonds to stabilize the
collagen. However, from our simulations, we found that these hydrogen bonds are not
static, i.e. the hydrogen bonds can only last a short period of time and then they will
break up. For [(Gly-Pro-Pro)10]3 and [(Gly-Pro-Hyp)10]3, the average life times of inter-
chain hydrogen bonds are 0.27 ps and 0.29 ps, respectively. It seems that the mutation
from Pro to Hyp can slightly help the triple helix remain hydrogen-bonded. We also
computed the average life time of hydrogen bonds between water molecules and [(Gly-
Pro-Hyp)10]:3. The number is 0.72 ps. Compared to the average life time of [(Gly-Pro-
Hyp)10]3, which is 0.29 ps, it seems that the polypeptide chain actually prefers to interact
with the solvent molecules rather than the neighboring polypeptide chains.
We also computed the water residence time in the first solvation shell around
proteins. The first solvation shell is defined to be within 3 A from the protein surfaces.
The mean residence time of water molecules at the protein atom i is defined by
Nw
'mean (i) = N j(i)
where Nw is the number of water molecules visiting atom i during the whole simulation
time. The calculated T's for [(Gly-Pro-Pro) 10]3 and [(Gly-Pro-Hyp)1 0] 3 are 0.32 and 0.47
ps, respectively. This further supports the observations in g(r)s' as shown above.
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3.3 Free energy calculations
In order to estimate the relative stability of collagen-like peptides upon unfolding, we
utilized the thermodynamic cycle described in the Method Section above. The computer
simulations were performed on the following two reactions to get AG, and AG2.
AG,
Collagen Triple Helix (WT) ' Collagen Triple Helix (mutant)
AG2
Gly-Pro-Hyp (WT) * Gly-Pro-Pro (mutant)
Because the unfolded states are not structurally well defined, we used the tripeptides
,Gly-Pro-Hyp and Gly-Pro-Pro, to mimic the unfolded wild-type (WT) and mutant type
polypeptide chains. Several research groups to study the protein stability upon mutations
have used this approach. The computed AG, and AG2 are 143.99 and 48.68 kcal/mol,
respectively. The resulting AAGdenaturation is 2.06 kcal/mol, which means that the
substitution of Hyp by Pro makes the collagen-like peptide more stable. Unfortunately,
the result here is opposite to the experimentally observed trend. Three reasons may
participate in this discrepancy: the first one is the inappropriate modeling of the unfolded
states; the second one is the inaccuracy of the force field; and the final one is the
insufficient number of X's in performing the thermodynamic integration.
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